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SUMMARY

Flat skin-stringer compression panels of stainless steel, mild
steel, titanium, copper, four aluminum alloys, and a magnesium aJloy
were tested. The results show the effect of variations in yield stress,
Young’s modulus, and both yield stress and Young’s modulus for constant
yield strain on the average stress at mximum load, on the stress for
local.buckling, and on the load-shortening characteristics of the panels.

IN’I!RODUCTION

The materials from which aircraft structures axe made are always
subject to change as manufacturers of mt erials improve their prcducts
and as changing aircraft forms and requirements demnd new and stronger
uterials for the structie. Even with a given material, during a
single flight an airpkne may be stijetted to a range of temperature
conditions that will cause the properties of the material to chamge
appreciably.

In order to nake proper allowance in design for all these changing
conditions, correlation must be effected between uterial properties and
structural strength. In compression, proper correlation requires con-
sideration of both the stress at which buckling occurs and the average
stress at maximum load. For simple shapes, the relationship between the
stress-strain curve for the material and the buckling strength has been
fairly thoroughly investigated (refs. 1 to &). ~~, for s~le s~pes,
a start has been made on effecting the correlation between material prop-
erties and the average stress at mximum16ad (refs. 2to 5). In the
case of more complex shapes, such as the longitudinally stiffened panel
tith which the present paper is concerned, considerations of the effect
of varying material properties have been in the main restricted to the
determination of the relatively small corrections required to bring test
results into line with the results to be expected when materials of
Futeed ~ ProPefiies me used. Examples of studies of such
corrections are references 6 and 7. Studies of effects of large changes
in material properties have been begun by Wimer (ref. 8) and by Holt

(ref. 9)0
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2 NACA TN 3064

In the present study, @ order to provide data which may be used
as a basis for smalysis of the effect of variation in material properties
on the compressive strengths of panels, a wide range of panel proportions
and materials were experimentally investigated. The proportions were
selected to correspond to those investigated in previo,usstudies by the
National Advisory Committee for Aeronautics (for example, refs. 10 to 12).
The uterials were selected to provide information on the effect on panel
strength of the following:

Phase I: A variation in compressive yield stress with a substan-
tially constant young’s modulus

Phase II: A variation in Young’s modulus tith a substantially con-
stant compressive yield stress

Phase III: A variation in both Young’s modulus and compressive
yield stress

Experimental measurements were made of average stress at maximum
load, stress for local buckling of the sheet, and of the relationship
between average stress and unit shortening which defines, for any given
unit shortening, the effectiveness of the cross section for resisting
additional deformation.

SYMBOLS

c coefficient of end fixity in Ner column formula (taken as
3.~for all tests, as inrefs. 10 andll)

Young’s modulus of elasticity, ksi

slenderness =tio

strain

unit shortening

unit shortening at maximum load

compressive yield strain (0.2-percent offset)

stress, ksi

average stress, ksi

— —. .—.



NACA TN 3064

zf average stress at maximum load, ksi

CJcr stress for local buckling of sheet, ksi

‘Q
compressive yield stress (0.2-percent offset), ksi

RF width of outstanding flange of stringer, in.

bS stringer spacing, in.

% width of web of stringer, in.

L length of panel, h.

‘w bend radius of string=, in.

t~ skin thickness, in.

tw stringer thichess, in.

K,n constants used in Rsaiberg-osgoodrepresentation of stress-strain
curves (ref. 13)

Symbols used for the various panel dimensions are also given in
figure 1.

IwrmmLs INvEmTGA!rED

For the purpose of providing data on the effects of material prop-
erties, the specimens were selected to permit an evaluation based on the
effects of compressive yield stress and Young’s modulus. On this basis,
the investigation covered three phases, as follows:

Phase I made use of materials selected to provide a variation in
compressive yield stress with a substantially constant Young’s modulus.

Phase II made use of mterials selected to provide a variation in
Young’s modulus with a substantially constant compressive yield stress.

Phase III made use of nmterials selected to provide a variation in
both Young’s modulus and compressive yield stress with a stistantially
constant compressive yield strain.

— _ —_ —. . .



4 NACA TN 3064

The materials used in each of the three phases covered, together
tith theti pertinent properties, are p==mted b the fo~- table:

Material E, ksi ~cy) ksi c Cy

Phase I

75S-T6 aluminumalloy lo.~ x ld 72.6 0. oo8g
61_s-T6~~ alloy 10.5 43.3 .0061
5= -$ aluminumWoy 10.2 25.6 .(M45

7%-O ahllllhum alloy 10.5 15.1 .oo~

Phase II

SAE 1010 ~ steel 29.3 X Id 25.2 0.0029
Copper 15.7 25.6 .0036

52s -~ ~m~ tiOY 10.2 25.6 .0045

FS-lh magnesium alloy 6.5 24.6 .w58

Phase III

18-8- ~ sta~ess steel 29.0 x d 111.3 0.0058

Ti - + ti_UUl 14.5 68.2 .0067 “

61fw6 ~uminum au-q 10.5 43.3 .0061
FS-lh magnesium alloy 6.5 24.6 .w58

T& avera+zelontzitudinal stress-strain curves Obtatied from the
flat-sheet mat&-–in their final condition as used for the fabrication
of the test panels are presented in figures 2(a), 2(b), and 2(c) for
phases I, II, and III of the investigation, respectively. Both the steel
and the copper materials reqtied various treatments in order to give
them the properties shown; accordingly, their stress-strain curves as
given are not representative of comnercidl.y available products.

The proportions of the
tally from a minimm % /?s
specimens were divided into

5T SPECIMENS

panel cross sections were varied systemati-
of25and aminimum %/_% of 12.5. Panel

two groups. In one ~oup the cross section

— .—————-————— _—



NACA TN 3064 5

was varied by increasing all width-thickness ratios for the plate ele-
ments in the same proportion. Tn the other group, the stiffener cross
section was held constant and the stiffener spacing was varied. Nominal.
dimensions of the test specimens and a typical cross section are given in
table 1 and figme 1, respectively.

For simplicity in identifying the specimens, they are designated by
numbers indicating pertinent dimension ratios separated by dashes as
follows:

First ntier represents the ratio bwl~

Second nuniberrepresents the ratio %/%

Third nunber represents the ratio L/p

Thus, panel 1.2.5-25-20has a ratio ~ tw of 12.5, a ratio
/

bslts

of 25, and L/p of 20. In all cases, actual sheet thicknesses were
measured before construction was started, and all dimensions were
adjusted so that the completed specimens had, within 2 percent, the
folhwing dimension ratios:

Ratio of stringer Ratio of stringer Ratio of stringer Ratio of specimen
thickness to skin web width to spacing to skin length to radius

thickness, thickness, thiclmess, of ~tion,

%/% %pw %/% L/p

1.OO 12.5 25 20, 40
1.00 18.75 37.!5 20, 40, 70
1.00 25 50 20, 40, 70, llo
l.m 37.5 75 20, 40, 70, I-1o

1.00 12.5 25 20, 40
1.00 12.5 37*5 20, 40, 70
1.(D I-2.5 50 20, 40, 70, U.o
1.00 I-2.5 75 20, 40, 70, llo

On all specimens, strimers were attached to sheet with l/8-inch-
di~ter univ&al-he&d rive~s (AN470-4-5) at 3/8-tichpitch. ‘ti @
effort to keep the effect of riveting on the strength of the panels con-
sistent for aJl specimens, rivet materials were selected to have the
same nominal stiffnesses as the mterials of the panels ti which they
were used and, also, as nearly as feasible, the same stren@hs relative
to the strengths of their respective panel materials. The rivet materials
used are listed in table 2 together with measured values of their shear
and tensile strengths.

—.——. ——
.—.— ——- — —. .———



6 NACA TN 3064

In this investigation, as in many experimental investigations,
perfect control of all material properties was not possible. Although
the average longitudinal propetiies of the sheet before forming were,
in general, held to within 5 percent of the desired values, variations
from the average values were appreciable for a few materials (for
example, the titanium). Moreover, the transverse properties in some
cases were appreciably different from the average longitudinal proper-
ties (for example, the stainless steel), as were the longitudinal prop-
erties in the corners of the Z-stringers after forming (for example, the
~s-o aluminum alloy). Similar difficulties were encountered with the
rivets. In some cases, rivet mterials could not be found which bore
the desired relationships in both strength and stiffness to the proper-
ties of the material of the panels in which they were used. (For example,
all rivet mterials investigated of the destid stiffness for the mild
steel panels were too strong. See table 2.) In general, the unavoidable
deviations in rivet properties from those desired were probably small
enough with the strong riveting used (see ref. 14) so that they did not
influence the results of the panel tests appreciably. The effects of
variation h material properties from the average, transversely (see
ref. 15), or due to forming (see ref. 16) unquestionably influenced the
results in som cases. The magnitude of the variations from the desired
properties are indicated in table 3 by the numerical tabulations of
values of moduli and yield stresses. For purposes of comparison, average
properties are also given in table 4 in terms of the Rcmiberg-Osgood
(ref. 13) analytical representation of the stress-strain curve.

METHODS OF TESTING

All specimens were compressed fkt-ended, without side support. The
ends of the specimens were ground accurately flat and parallel in a
special grinder and the method of alhement in the testing machine was
such as to insure uniform bearing on the ends of the specimen. Flat-end
tests such as these have been suggested in previous investigations (for
example, refs. 10 and 11) to yield a value of end-fixity coefficient c
of 3.75.

The testing uchine used was the 1,200-000-pound-capacityhydraulic
machine of the Langley structures research laboratory. This machine was
especially adapted to these panel tests by rearrangement of the loading
system so that, as the upper crosshead moved downward to apply load to
the specimen, it also applied load to a 300,(X)0-pound-capacityhydraulic
jack. With this arrangement (see fig. 3), as the specimen reached maxi-
mum load, continued crosshesd nmtion was opposed and controlled by the
jack so that even beyond mzdmum load the load-distortion characteristics
of the specimen could be observed. The jack was located external to the
weighing system of the testing machine so that the accuracy of weighing,

—. ..— -.. -.— —



NACA TN 3C%4 7

except for possible inertia effects in the unloading region beyond nE&-
mum load, of one-half of 1 percent of the lo@ was maintained. Inertia
effects were most pronounced when the load-distortion curves had the
~eatest negative slopes. In these regions, the exact values of load
for given distortion depend upon the mass and stiffness characteristics
of the adjacent load-applying structure. (See ref. 17.)

The loads for local buckling of the sheet were determined by the
strain-reversal.method (ref. 18) as the loads at which plots of the
strains near buckle crests first showed decreasing strains with
increasing loads. These plots were obtained atiographically from
I-2resistance-type wire strain gages arranged in a pattern on both sides
of the sheet of each specimen so that at least one gage should lie near
a buckle crest.

Curves of average stress plotted sgainst unit shortening were
obtained from all specimens. The unit shortening was measured h two
ways: (1) as the average of the strains indicated by four, long-gage-
length, resistance-type wire strain gages mounted on the quarter-points
along the length of the second and fifth stiffeners at the center of
gravity of the cross section, and (2) by direct measurement adjacent
to the specimen of over-all shortening of the distance between testing-
machine crossheads. Inmost cases the measurements obtainedby the
latter method were used because they were evidently more reliable, as
indicated bothby the character of the shortening curves andby the
relative values of shortening from specimen to specimen. The measure-
ments of unit shortening were probably within 5 percent of the true
values, except possibly in the regions of greatest negative slopes of
the curves.

RESULTSAND DISCUSSION

Experimental.results.- The experimental results are presented as

tab&ted values of bf (average stress at mximum load), Um (stress

for local buckling of sheet), sad =f (unit shortening at ~wn lo~)

in tables 5, 6, and 7, respectively. The curves obtaind for average
stress against unit shortening are presented together with the average
longitudinal stress-strati curves for the panel uterials (labeled a-e)
in figures 4, 5, and 6 for phases I, II, and III of the investigation,
respectively. It will be noted in tables 5, 6, and 7 that psmel speci-
mens are presented in the two groups previously discussed. For con-
venience in making comparisons, the data for the first
each group have therefore been repeated. For the same
repetition is found in parts (a) and (e) of figures 4,

two psnels in
reason, this
5, and6.

. . ..— —— —— —— ——



8 NACAm 3064

Types of distortion observed.- The distortions of the panels under
load varied with the varying proportions and materials from local buckling
of the plate elements to column bending of the panel as a whole. No rivet ‘
failures occurred. Panel failures were accompanied by twisting of the
Z-stringers for both local buckling and column bending; observation of
failure, however, was inadequate to determine whether the twisting was a
cause of failure or a result of other failing modes. Twisting was accen-
tuated when over-all bending occurred (as the panel length increased)
because the panels generally bowed toward the skin so that the corrrpres-
sive stresses in the outstanding flemges of the Z-stringers were increased
at the midlength of the panel where ‘miistingwas a maximum. The bowhg
towsrd the skin, caused by the initial curvature induced in the panels
by the riveting, correspondingly reduced the compressive stresses in the
skin so that buckling of the skin generally was delayed as the panel
length increased. Buckling of the skin was also delayed slightly by
end effects for the short panels with wide stringer.spacings for which
the panel lengthwas not several times the stringer spacing.

Experimental scatter.- Despite the fact that greater control was

exercised over the construction of the specimens thm in previous NACA
panel investigations,by the preelection of materials of desired prop-
erties and by the adjustment of dimensions according to measured sheet
thicknesses to give desired rather than nominal dimension ratios, some
experimental scatter still occurred in the results. This scatter is
manifested: (1) by the higher values of average stress at mximum
load Ff which were measurd in some cases (notably copper) for the

panels having L/p = 40 than for the corresponding panels having
L/P = 20 (table 5); (2) by the various values of stress for local
buckling of the sheet Ucr measured for the same cross section; and

(3) Wthe curves of ave~e stress against unit shortening. In part
at least, the experimental scatter can be attributed to initial eccen-
tricities in the specimens; such eccentricities would probably have
greater influence on the measured values of IJa than on Gf, and even

greater influence on the detailed character of the plots of average
stress against unit shortening (figs. 4, 5, and 6). The plots of
average stress ~inst unit shortening were also affected by the work
hardening of the corner mterial which occurred during fo

T
of the

stringers. This work hardening was sufficient in some cases notably
‘75S-0,see table 3) to cause the curves of average stress against unit
shortening to exceed the stress-strati curves for the unformed material.
Accordingly, the shortening curves given should be considered as appli-
cable to the individual paneh as tested rather than as precisely char-
acteristic of a given cross section and material..

Observed effects of material properties.- I?odetailed analysis of

the test results is included herein. However, some further analysis is
presented in reference 19. The following gross effects of variations
in material, however, are inmdiately e~dent from the test ~ta:

_.—— _ .- .——. - ——--- — —
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For phase I (ucy varied, E const~t):

9

(1) An increase in

(2) An increase in

buckling occurred in the

(3) An increase in

~cy always increased the value of ;-p (table 5).

~cy ticreased the value of rscr whenever

plastic stress range (table 6).

~cy generally increased the value of Ff

(table 7). Exceptions to this statement occurred particularly for the
short panels (L/p = 20) of ~S-O material, for which the plots of average
stress against unit shortening had very flat maximum (fig. 4), probably
in part because of the continuously rising stress-strain curve for this
material beyond the yield. This continuously rising stress-strain curve
is indicated pictorially in figure 2(a) and analytically, as noted in
table 4, by the fact that the Ramberg-Osgood formulation is inadequate to
describe the curve. In fact, above the yield stress a straight line with
a substantially positive slope is an excellent representation of the
measured stress-strain properties (this might be thought of as represen-
tative of continuously decreasing values with increasing stress of the
exponent n in the Ramberg-Osgood formula).

(4) An increase in crq “(which was accompanied in general by smiler

slopes of the stress-strain curves at stresses beyond the yield stress;
in the Ramberg-Osgood formulation of the stress-strain curve, such smaller
slopes are represented by larger values of the exponent n, see table 4)
generally caused the average stress carried by the paneb at values of
unit shortening geater than @f to decrease more rapidly as values

of T were increased.

For phase II (E varied, Ucy constant):

(1) An increase in E always increased the value of tif (table 5).

(2) An ticrease in E generally increased the value of crcr

(table 6). The one exception to this statement occurred for the cross
section with the smallest ratios of width to thiclmess of its plate

(
elements bslts = 25); for this section the buckling stresses were well

(
up in the plastic ramge Ucr = ~.8ksi for 52s-F% aluminum ddoy,

‘cr = )
22.7 ksi for FS-M magnesium alloy, see table 6 .

(3) ~ ticrease ti E generally tended to decrease the value of Zf

(table 7). Although there were numerous individual exceptions to this
statement, the trend is in the direction of somewhat smaller values of

. ...—— --—-—-— — — —— .— _——-—



10 NACA TN 3064

unit shortening at failure for higher values of the modulus, with the
exception of short panels having sm.11 values of width-thickness ratios
for their phte elements. For these latter groups of panels (for which

!,

failure was primarily by local buckling), the values of Ef tended to

increase with increasing values of E. The fact that increases in E
did not produce more substantial decreases in Zf may be associated

with the more continuously rising stress-strain curves at high stresses

for the SAE 1010 and the copper mterials than for the 52S -$ and the

FS-lh (see fig. 2(b)). The sharper knees of the curves for the latter
two materials are also indicated by the higher values of n in their
Ramberg-Osgood formulation (see tible 4).

(4) An increase in E appeared to cause the average stress carried
by the panels at values of unit shortening seater tlm.n _Ff to decrease

somewhat less rapidly as Z increased (fig. 5). This trend, however,
may be more associated with the more continuously rising stress-strain
curves at high stresses of the stiffer materials than with theiz higher
modulus values (see discussion of effect of variation of Z’f with E).

For phase III (E and aw varied, Ecy constant):

(1) An increase in both E and acy always increased the value

of ~f (table 5).

(2) An increase h both E and Ucy always increased the value

of Ucr (table 6).

(3) h ~crease in both E and acy ten~ed to increase the value

of =f (table 7) for the shortest panels (L/p . 20) for which failure

was primarily by local buckling. For the longest panels (L/p . 110), for
which failure was primarily by column bending, the value of ~f was

fairly constaat despite the variations in E and Ucy. The increasing

values of Ff with increasing E and acy in this phase of the inves-

tigation may also be attributed to the more continuously rising stress-

lH (see fig. 2(c)). The valuesstrain curves of the M-8-& and the Ti-—
4 4

of n in the Ramberg-Osgood formulation for these two materials (see
table 4) are the smallest of those for all the mterials investigated.
The titanium panels consistently gave the highest values of zf, par-

ticuko?ly in the shorter lengths. The particuhrly high values of Ff

—— — —
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for the titsnium
material did not

may be in part
show increased

I-1

associated with the fact that this
values of Ucy in the corners of the

Z-stringers after forming (table 3); the associated unit-shortening
curves (fig. 6) were gently roundaiy without sharp knees, and with
fairly flat maximum.

(4) An increase in both E and acy had no appreciable effect upon

the relative rate of decrease of load-camying capacity of the panels
with increasing values of unit shortening for values of F greater
than Efo

COIWLJJDINGREMARKS

In order to provide data to be used as a basis for the correlation
of the strength of skin-stringer compression panels with their material
stress-strain properties, tests were made of panels of a wide r-e of
systematically vsried proportions and materials. The gross effects of
variations in yield stress, Young’s modulus, and both yield stress and
Youngfs modulus for constant yield strain are revealed by the data
obtained on the average stress at maximum load and on the stress for
local buckling. The measured curves of average stress against unit
shortening presented, however, provide more complete detailed infom-
tion on the characteristics of each cross section of each material to
use as a basis for analysis.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronatiics,

Langley Field, Vs., November 13, 1953.

..—.— c
—— __ .——.
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14 NACA TN 3(%4

TABLE1

NOMINAL DIMENSIONS OF TEST SPECIMENS

[3ymbolsused for panel dimensions are given in fig. ~

Panel number ‘s % bs7 bw~ L,

(a) in. in. in. in. in.

1.2.’j-2’j-2O o.@4 0.054 1.60 0.80 6.32
12.5-&40 .064 .064 1.60 .80 12.64

18.75-37.5-20 2.4o 1.20 9.40
18.75-37.5-40 :% :% 2.40 1.20 18.80
18.75-37.5-70 .064 .064 2.4o 1.20 32. W

25-50-20 .064 .C%4 3.20 1.60 IZ.40
25-50-40 .064 3.20 1.60 24.80
25-50-70 % 3.20 1.60 43.40
25-50-110 .064 :% 3.20 I_.60 68.20

37.5-75-20 .064 4.80 2.4o 18. I2
37.5-75-40 :%+ .064 4.80 2.4o 36.24
37.5-75-70 .054 .(%4 4.80 2.4o 63.42
37. 5-75-UI .064 .(%4 4.80 2.40 99.66

12.5-37.5-20 .064 .054 2.4o .80 5*92
12.5-37.5-40 .064 2.4o .80 11.84
12.5-37.5-70 :% .064 2.40 .80 20.72

1.2.5-50-20 .C%4 :064 3.20 .80 5.56
12.5-50-40 3.20 .80
12.5-50-70 % :% 3.20 .80 %:2
12.5-50-11o .064 .064 3.20 .80 30.58

x2.5-75-20 .064 .(%4 4.80 .80 5.02
12.5-75-40 .064 4.80 .80 10.04
12.5-75-70 % .064 4.80 .80 17.57
12.5-75-11o .064 .064 4.80 .80 27.61

aFirst nwber gives value of ~itw, second number gives value

/

,
of bs ts, and third number gives value of L/p.

.

— —
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T!ABLE2

PROPERTIES OF RIVET MMERIMS USED IN TEST SPECmS

Panel Rivet
material material

18-8- F

SAE 1010

Ti - ~b

Copper
75S-T6
61s-T6

52s -*

75s-0
Fs-Ml

Monel

Beryllium-Copper

aCopper
24S-T4
53S-T61

ms-T4

2SF
FS-1

.

aIn order to reduce both shesz W tensile strengths
without appreciably reducing the tensile stiffnesses, both
iron and copper rivets were notched with a thin circumfer-
ential cut at the parttig line of the two sheets. These
notches were essentially closed sfter driving. Stresses
given me based on the full shank srea.

66.2

28.5

58.0

18.0
47.9
26.5

24.1

13.2
22.4

45.7

89.5

41.8
57*3
38.9

33.2

17.2
+.0

..... . . . —.–— . ..— — --- ———
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TAI!m3

MEMURED VALUESOF YOUNG’SMODELUSAND COMPRESSIVEY7XL0

s!rREsSFoRMATmImS USED FOR TEST SPWIMEEW

[W values in ksi]

MaterialL
18-8-$ 30.0x 1$

SAE1o1o33.1

Ti-@ 15.3

Cmer 16.9

ns-!l%10.6

61s-ti10.6

52s-@ 10.5

75s-0 I.1.o

F9-lh 6.6

17.7

26.9

90.8

29.k

73.0

43.7

25.8

15.5

25.2

E

29.0x 10

29.3

14.5

15.7

10.5

10.5

10.2

10.5

6.5

acy E

JJ..328.5x 16

25.2 24.9

68.214.0

25.614.5

72.610.5

43.310.5

25.610.0

15.110.1

24.6 6.2

Ucy

UO.7

24.1

57.0

21.5

72.4

42.9

25.4

14.7

~ .6

E

30.9x 1$

31.0

15.1

17.4

10.5

10.5

10.2

10.6

J
6.6

aw aw

170.0 166.0

30.7 46.3

88.8 68.2

31.0 37.4

77.2 85.6

44.6 46.7

26.5 2i3.2

14.8 27.5

25.3 31.3

.

.—— . .. --
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Materia

M-8-F
SAE 1o1o

gy-1
f

Copper

w-l%

619-T6

p -*

75s-0

Fs-lh

‘IY!RIE4

VALUES OF COMSTAN’ISFOR RAmEm-Cw’OOD Fo13wLM’IONe=
w

:+K~

oFsTRE3ssl!Rmvm3EmmEsoF~ mEo

Constants for
average l.ongl~
stress-straincurve

K

1.0 x 106

a8.9X 1$3

1.6X 1$

2.7x l+

1.8X 1$5

5.2x 1$0

8.0X &4

%.1 x 1$8

‘7.8X 1039

n

3.6

5.8

5.1

5.4

~4.8

22

I_o.6

?.4

b18

Constants for
average transverse
stress-strain curve

K

7.2x 107

%.1 x 1~

2.2x l&

9.8 X 1~

8.1X ldg

7.2x 1059

3.2x 1$3

%.5 x lCP

b2.6x 1d5°

n

5.1

a8.0

9.9

%.0

20

31

14.0

9.3

b%

Constants for

a~ ~I@~
stress-strain curve for
formed.corner In9terial

K

9.0x ld

%.3 x +

1.6X 1$

2.7x &9

2.0 x 1045

1.3x MPG

2.2 x 1P

1.4x 1023

3.3x 1+3

n

3.8

3.0

5.1

12.o

23

8.0

9.0

10.0

7.0

%smberg-sgocdformula gives god representationofth stress-straincurvefor
stresses less than or apprxtely equal to the Yield w&em. For hizher stresses the
following equations my be used: - -

[

(longltuwd) E = : + (8.9X d3)(:~-8+ (3.4X 10~)(:~4

SAEImo (~ e) E.:, (,.,x 10q(#o+ (L2 x loq(:y

;+ (2.3x @~)5”0+ (1.8xl~~)(;~”E=-L(corner)

copper (transverse) ( )( y“”+ (1.7X@@)(gj52e.:+ 7.8x1c@ ;

{

( )(longitulila)G = 1.08x10-3(u- 15.1)+ o.c@5
m-o

(tiverse) ( )e = 1.35x 10-3(U - 16.0)+ o.rM.k72

%riation of Rmikrg-Osgocd formula
k ‘~+ K(wO”m) “me

E 1 = 5.72x Id ksl gives god representatkp of the stress-stiin curve for

a $ 10.0 ksi; for lower stresses, E=%
E

—— —— .-— .——..
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I I !

LO.%d I lo.w3 I 1002.WS I 10.%XJm, hi

am, b-i

RME%I
P@n.91m&-3r

(a)

yhl
28.1

$5

23.6
a.o
23.7
=.3

19.2
I.&8
19.1
L5.8

23.1
23.4

19,7
m.1
19.?

18.0
17.8
16.6
13.5

14.0
13.2
u2.6
U..Y

@.1
23.4

m.2
19.8
Lg.>

18.1
17.4
IA.3
1.2.1

v. Y
13.7
=.8
I.o.o

U6.2
113.O

w
7-7.9

$:
*.1

%2
37.0
*.2
h3.2

U6.2
113.o

$.0
@8
%.8

%?.0

.%.:
53.1

g:

3:;

33.9
=9

32.6
3L
28.J

29.2
30.0
29.8
—.-

22.8
*.O
22.9
——

g.;

19.7
m.1
19.7

18.0

w
13.y

*.O
13.2
12.6
u. s

23.I
23.*

m.2
19.8
19.3

la 1
17.4
16.3
321

15.5
13.
~~

40.0
40.1

>.3
J.2
53.1

50.6
50.2
2a 3
21..8

q. 2
21.7
=.5
19.0

60.4
W. 8

k?;
40.3

@.2
4L2
?Ji~

29.8
a%~
3.1
2L0

40.0
40.1

33.3
$.2
35.1

30.6
W.2
28.3
21.8

23.2
2L.7
=.5
19.0

g.;

‘al
‘=. 7
=,9

19.5
19.1
u3.8
18.1

16.5
16.3
19.8
1>0

m. 9
19.7

17.0
17.0
1>!

ti.4
14.0
13.8
IJ2.3

u.6
U.4
10.9
1o.2

2s.8
25.2

22.1
=. Y
‘a,9

19.3
19.1
18.8
laol

16.5
16.3
1>8
13.0

23.8
25.2

=.9
~;

19.2
18.0
la.s
16.T

16.6
1%3
14.9
ma

%2

$;

49.6
45.3
37.7
29.2

ha.3
b3.6
w.6
lh.k

40.0
40.1

33.9
P. 8
32.9

30.1
m. o
~. 5
19.7

25.5
23.5
2L7
15.8

=.WW
12.>2*

1.2.>37.3-=3
la >3’7.*
la >37. 3-W

40.0
40.1

53.9
XL 8
32.9

:::
q. 3
19.7

25.5
23.s

N

25.8
a.2

~. 9
22,1
‘m4

19.2
18.0
lay
16.7

1.6.6
15.3
14.9
13.8

m. 9
19.7

17.5
17.0
1s.9

14.9
*.O
13.8
L2.1

12.8
IL4
ILo
lo.k

33.9
32.9

%0
ml
30.3

’29.9

g:
=.6

23.8
23.7
22.2
2L0

yJ.1
28.1

2’7.7
pl
25.1

4.1
25A
23.2
m.k

m.1
18.7
la.T
16.5

‘%’imtndMrgiYaOtimor b!f/bJ,-.xd ~21. YaMOf%J/t2, dl’cMrd mmtmrglw~ar L/p.

,.
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*.Y
%.3
%.0
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0.s

2:
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*2
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33.1
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17.0
18.2
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20.1

:!

8.8

fa.2
q.1

2::
6.3

=.3
2$.3
=.5
22.2

R
*.1
13.6

39.9 V.1
2L8

=-$5
22.2
~9

k!
17.9

6.0
9.1

n

25.1
2J..8

19.9
20.3
~.3

16.T
I.&l
1 .1
iI..6

R

::?

25.1
a..8

=s
22.2
=9

16.1

w
17.9

6.0

;::
9.s

IJ.4.7
113.0

!%.5

%:

&T.9
49.>
47.0
49.3

a..2
=.7
a..5
a).8

‘ml
---

62,4
77.3
-—

23.6
29.6
30.3
30.9

19.0
15.1
15.9
—

39.9
—-

q. 1
3?,6
—-

19.0
2).1
23.9
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9.1
&9

;1

—
—-

lk.8
—-

U. Y

L2.6
Il.9
Q9
~.3
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—
—
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hi 6
U.5

lob
11.8
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Ml

‘7.8
8.7

H

—-
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—-
—
—-

—
—
—
—

2%2
2L7
E?..o
—

Z:—
19.0
‘ml
w. 9
21.o

.?;

;1

59.9
-—

29.2
31.2
—

I .6
1.10

%1

8.T

;:
8.3

28.2
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-—

29.3
-—

m.6

%
20.2

13.8
14.1
13.1
13.6

&.1
21.8

19.9
~. 3
=.3

16.7
l!il
1 .1
zI..6

H

2?

ub..7
I13,0

K
TI.3

4E!.4
42,0
426

72.7
-—

43.5
48.0
45.1

22.6
19.9
---
—-

i3;
14al
13.2

39.9
-—

29.2
3L2
-—

IT.6
18.0
20.?
19.4

8.T
9.3

it;

22.5
2?.7

l&5
17.9
lag

11.6
10.7
I.1.l
=.9

M
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—
—

-—
-—
—

28.9
.-
——
---

M.7
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—-
---
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CT, ksi

o

Z5.S-T6

E= /0.5X /03ksi

6fs-T6

52S-$H

75s-0

10.2

I I I I I I I I I I
.005

IS

la) q wried, E constant.

Figure 2.- Properties of moteriols used for tesf

.Oto

specimens.
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Figure Z-
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Continued.
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. ..— -. ---

Figure 3.-
loading

Test set-up, showing jack and yoke arrangement at
system to control crosshead motion beyond mxdmum

to-p of
load.
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80

60

E ksi

40

20

0

80

60

~ ksi

40

20

0

r 0--.5

’20

.005 .0/0

F

52S–$H

o–-~

1 I I I

.005 .0/0

[

6/S – T6

0--6

0 .005 .0/0

F

75s – o

o .005 .0/0

b) ~=/- 00 ; $=/2.5; $=25.

Figure 4. – Curves of uveruge stress oguinst unit sh orf ening

for phase I pone/s.
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Figure 4. – Continued
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Figure 4. – Continued.
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